It is not known whether frontal cerebral rhythms of the two hemispheres are implicated in fine motor control and balance. To address this issue, electroencephalographic (EEG) and stabilometric recordings were simultaneously performed in 12 right-handed expert golfers. The subjects were asked to stand upright on a stabilometric force platform placed at a golf green simulator while playing about 100 golf putts. Balance during the putts was indexed by body sway area. Cortical activity was indexed by the power reduction in spatially enhanced alpha (8-12 Hz) and beta (13-30 Hz) rhythms during movement, referred to as the pre-movement period. It was found that the body sway area displayed similar values in the successful and unsuccessful putts. In contrast, the high-frequency alpha power (about 10-12 Hz) was smaller in amplitude in the successful than in the unsuccessful putts over the frontal midline and the arm and hand region of the right primary sensorimotor area; the stronger the reduction of the alpha power, the smaller the error of the unsuccessful putts (i.e. distance from the hole). These results indicate that high-frequency alpha rhythms over associative, premotor and non-dominant primary sensorimotor areas subserve motor control and are predictive of the golfer's performance.
A large body of evidence indicates that electroencephalographic (EEG) alpha (about 8-12 Hz) and beta (about 14-30 Hz) oscillations markedly decrease in power over sensorimotor cortical areas during the preparation and execution of voluntary self-paced movements; this reduction is known as event-related desynchronization (ERD; Gastaut, 1952; Babiloni et al. 1999; Pfurtscheller & Lopes da Silva, 1999; Pfurtscheller et al. 2000; . These sensorimotor EEG oscillations are collectively called 'mu rhythm' and can be distinguished from other alpha or beta rhythms (e.g. parieto-occipital alpha) that show changes in amplitude during sensory information processing (Pfurtscheller & Lopes da Silva, 1999) . Furthermore, alpha and beta ERD are generally related to fine This paper has online supplemental material. cognitive-motor performance (Klimesch et al. 1997; Klimesch, 1999; Pfurtscheller & Lopes da Silva, 1999) . These rhythms mainly reflect the mode of transfer and processing of sensorimotor information among cortical and thalamic structures (Pfurtscheller & Lopes da Silva, 1999) .
Among EEG rhythms, alpha rhythms seem to be especially implicated in the sporting performance of athletes. Marked differences in alpha power have been observed between expert sportsmen and non-athletes (Hatfield et al. 1984; Collins et al. 1990; Salazar et al. 1990; Crews & Landers, 1993; Shaw, 1993 Shaw, , 1996 Loze et al. 2001; Gualberto Cremades, 2002; Del Percio et al. 2007a) . Alpha power (8-12 Hz) over the occipital cortex has been found to increase before best shots in expert air pistol marksmen; this is thought to be a sign of cortical inhibition in the period of stillness that occurs at certain phases of a skilled motor act (Loze et al. 2001 ). Furthermore, alpha power has been found to be higher over the left than the right hemisphere of skilled marksmen during shot preparation (Hatfield et al. 1984) , and before the best shots ofélite archers (Salazar et al. 1990; Landers et al. 1994; Shaw, 1996) . This hemispherical asymmetry of alpha rhythms has been challenged by other evidence showing that sporting performance is associated with bilateral or preponderant modulation of alpha rhythms over the right hemisphere (Collins et al. 1990; Crews & Landers, 1993; Del Percio et al. 2007a) . A possible cause of these contrasting results is the use of standard EEG techniques with poor spatial resolution.
In this high-resolution EEG study, we evaluated whether frontal alpha and beta rhythms of the two hemispheres are implicated in fine motor control and balance, by simultaneously examining EEG and stabilometric data obtained in right-handed expert golfers during putts.
Methods

Subjects and ethical approval
Seven men and five women expert golfers were recruited. They had been practising golf for more than 8 years and at least five times a week, and regularly compete in national and international competitions. Their mean age was 20.8 ± 1 years (range: 16-25 years). All golfers were right-handed as measured by the Edinburgh Inventory (mean 56.3 ± 6.2%). All subjects gave their informed consent according to the Declaration of Helsinki, and were free to withdraw from the study at any time. The procedure was approved by the local Institutional Ethics Committee (I Medical School, University of Rome 'Sapienza').
Experimental procedure and recordings
All subjects were asked to stand upright upon a 60 × 60 cm stabilometric force platform (ARGO by RGM Genova, Italy) at a golf green simulator (1.5 m × 3 m; see online supplemental material, Supplemental Fig. 1 ). The surface of the green simulator was covered with a special green moquette (kindly provided by the Italian Federation of Golf for the purpose of the study). In the golf green simulator, the distance between the starting point of the ball and the hole was 2.1 m. Hole diameters were 108 mm (standard), 80 mm or 60 mm. For each subject, the hole diameter associated with more than 30% unsuccessful putts was used, as ascertained during a preliminary training phase in which subjects familiarized themselves with the golf green simulator. The training phase always started with the 108 mm-diameter hole (standard) and consisted of about 50 putts within about 15 min. Subjects then performed about 100 putts (interstroke interval of 15 s) in 10 separate recording blocks (interblocks interval of about 90 s). The golf putting performance was self-paced, in that the subjects were asked to relax between two consecutive putts and to start the golf putting performance when they felt ready. A device based on optic technologies was used to define the time of impact between the putter and ball.
The stabilometric force platform recorded the amplitude of the subject's body sway in the anteroposterior and mediolateral directions, with an acquisition rate of 100 Hz. While the subjects stood on the stabilogram, the EEG data were continuously recorded (bandpass: 0.01-100 Hz, sampling rate: 256 Hz; EB-Neuro Be-plus, Firenze, Italy) from 56 scalp electrodes (cap) positioned over the whole scalp according to an augmented 10-20 system (see Supplemental Fig. 2 ). Electrical reference was located between the Afz and Fz electrodes, and the ground electrode was located between the Pz and Oz electrodes. Electrode impedance was kept below 5 kOhm. In parallel, the recording of bipolar electro-oculographic data (EOG; bandpass: 0.1-100 Hz; sampling rate: 256 Hz) monitored blinking and eye movements. Furthermore, electromyographic data (EMG; bandpass: 0-100 Hz; sampling rate: 256 Hz) from the right anterior tibialis muscle, right gastrocnemius lateralis muscle and right external oblique muscle were collected to monitor muscle activity involved in upright standing.
Analysis of stabilometric data
The data recorded from the stabilometric force platform allowed the computation of 'sway area' index, which was expressed in mm 2 s −1 . The sway area measured the mean area spanned by the body centre of pressure (COP) during the period of interest for each golf putt (i.e. 10 s, from −5 s to +5 s, the zero time being the instant of the impact between the putter and ball). The sway area was calculated as the area swept by the line connecting the mean COP position with each point of the COP described path, and the recording time.
Spectral analysis and computation of alpha event-related desynchronization/event-related synchronization (ERD/ERS) percentages
Recorded EEG, EOG and EMG data were segmented in single trials of 10 s, each spanning −5 s to + 5 s. The EEG epochs with ocular, muscular and other types of artifact were preliminarily identified by a computerized automatic procedure (Moretti et al. 2003) . The software package included procedures for (i) EOG artifact detection and correction; (ii) EMG analysis; (iii) EEG artifact analysis; and (iv) optimization of the ratio between artifact-free EEG channels and EEG single trials to be rejected. The EEG epochs contaminated by ocular artifacts were then corrected by an autoregressive method (Moretti et al. 2003) . Finally, two expert electroencephalographists (C.D.P. and N.M.) manually confirmed this automatic selection and correction, with special attention to residual contaminations of the EEG epochs due to eye movements, blinking and head movements during the putts. Indeed, eye-head movements (e.g. gaze movements between the ball and the target hole) could be critical in the baseline period, before the golfer concentrates on the stroke. Therefore, only the EEG epochs totally free from artifact residuals were accepted for the subsequent analyses.
The artifact-free EEG trials were spatially enhanced by surface Laplacian estimation (regularized 3-D spline function; Babiloni et al. 1996 Babiloni et al. , 1998 . The singletrial analysis was carefully repeated on the Laplaciantransformed EEG data, to discard computational artifacts. These artifact-free Laplacian-transformed EEG trials were subdivided into two groups: the Successes group refers to EEG trials associated with the successful putts and the Failures group refers to EEG trials associated with the unsuccessful putts. Error in the unsuccessful golf putt was defined as the final distance (cm) between the golf ball and hole. The mean number of EEG trials was 42.9 ± 4.6 (s.e.m.) for the Successes group, while it was 26.6 ± 2.6 (s.e.m.) for the Failures group. Of note, the number of the EEG trials for each condition was used as a covariate in the statistical analysis.
Laplacian-transformed EEG trials were used as an input for power spectrum analysis, which was performed with a standard fast Fourier transform (FFT) algorithm using the Welch technique and Hanning windowing function (Matlab; MathWorks, Natick, Massachusetts USA). Negative values of event-related percentage changes in alpha band power represented the ERD (Pfurtscheller & Lopes da Silva, 1999; Pfurtscheller et al. 1997) . Conversely, positive values indicated the event-related synchronization (ERS; Pfurtscheller & Lopes da Silva, 1999) . Specifically, the alpha and beta ERD/ERS was calculated using the well-known standard formula (Pfurtscheller & Aranibar, 1979; Pfurtscheller & Neuper, 1994; Pfurtscheller et al. 1997; Pfurtscheller & Lopes da Silva, 1999) :
where E indicates the alpha or beta power density during the event period and R indicates the alpha/beta power density during the baseline period. In the present study, the 'event' period was the movement period (from 1 s before to the impact between putter and ball as a zero time), whereas the baseline period was defined as the time interval between −5 s and −4 s. We separately computed the ERD/ERS for the Successes and Failures conditions in the range 6-30 Hz. For the determination of the alpha and beta sub-bands, we preliminarily defined the alpha and beta reactive frequencies (Pfurtscheller et al. , 2006 . In each subject, the alpha (or beta) reactive frequency indicated the frequency bin showing the highest ERD within 8-12 (or 14-30) Hz. Based on the alpha and beta reactive frequencies, two alpha and beta sub-bands of interest were considered: the low-frequency alpha and beta bands ranged from the reactive frequency minus 2 Hz to the reactive frequency, and the high-frequency alpha and beta bands ranged from the reactive frequency to the reactive frequency plus 2 Hz. For an individual alpha (or beta) reactive frequency of 10 (or 20) Hz, the low-frequency alpha (or beta) band is 8-10 (or 18-20) Hz, and the high-frequency alpha (or beta) band is 10-12 (or 20-22) Hz.
Topographic mapping of the alpha and beta ERD/ERS percentage
Topographic maps (256 hues) of the ERD/ERS at the two alpha and beta sub-bands were calculated on a 3-D cortical model using a spline interpolating function (Babiloni et al. 1996) . This model is based on the magnetic resonance data of 152 subjects digitized at the Brain Imaging Center of the Montreal Neurological Institute (SPM96, www.mni.mcgill.ca), and is commonly considered an acceptable template for the rendering of group neuroimaging data.
Statistical analysis
Statistical comparisons for the EEG and stabilometric data were performed by analysis of variance (ANOVA). With the ANOVA, Mauchley's test evaluated the sphericity assumption when necessary. Correction of the degrees of freedom was made with the Greenhouse-Geisser procedure, and Duncan's test was used for post hoc comparisons (P < 0.05). Four ANOVAs (one for each alpha and beta sub-band) tested the hypothesis that, compared to the Failures condition, the Successes condition shows stronger alpha and beta ERD, indicating a stronger cortical sensorimotor activity associated with the successful putts. The ANOVAs had ERD/ERS amplitude for a certain sub-band as a dependent variable, and the factors were condition (Successes, Failures) and electrode (Fz, FCz, C3, Cz, C4). The number of Laplacian-transformed EEG trials was used as a covariate. We selected Fz, FCz, C3, Cz and C4 electrodes for this analysis, as these electrodes roughly overlie primary sensorimotor areas (C3 and C4 electrodes), the supplementary motor area and motor cingulate (Cz and FCz), and the medial prefrontal and anterior cingulate areas (Fz), which are thought to be related to the control of fine motor sequences (Ashe et al. 2006 ). An additional ANOVA tested the hypothesis that, compared to the Failures condition, the Successes condition shows a reduced sway area of the stabilometric data, indicating a better upright balance associated with the successful rather than unsuccessful putts. Specifically, the ANOVA used the sway areas as a dependent variable, with Successes or Failures as the factor. 
Results
Behavioural and stabilometric data
Measurements of upright balance and golf performance were analysed in parallel. The mean number of successful putts was 62.5 ± 3.1%. For the unsuccessful putts, mean error value was 13.1 ± 1.8 cm. The mean (± s.e.m.) values of subjects' body sway area during the putts was 180 ± 45 mm 2 s −1 for the Successes condition, and 165 ± 43 mm 2 s −1 for the Failures condition. Despite the difference in golf performance, the ANOVA of the sway area showed no difference between successful and unsuccessful putts (F 1,11 = 0.36; P = 0.55), thus indicating that subjects' upright balance did not explain the result of that performance.
EEG recordings
The analysis of the EEG data determined the 'reactive frequencies' at which alpha (8-12 Hz) and beta (14-30 Hz) rhythms presented the highest values of ERD over the primary sensorimotor cortex of both hemispheres during the successful and unsuccessful putts. Figure 1 shows the mean ERD in the range of 6-30 Hz for the Successes and Failures conditions at the electrodes overlying the arm and hand region of the left (C3 electrode) and of the right (C4 electrode) primary sensorimotor cortex. It is noted the predominant alpha ERD values over the right primary sensorimotor cortex (C4 electrode) during the successful putts. The mean ± s.e.m. values of alpha reactive frequency was 9.5 ± 0.5 Hz for both the Successes and the Failures conditions, while mean values of reactive beta frequency was 19.3 ± 0.9 Hz for the Successes condition and 20.7 ± 1.1 Hz for the Failures condition. There was no significant interconditions difference in the alpha and beta reactive frequencies as evaluated by an ANOVA for each band (P > 0.3). These results indicated the 'reactive frequencies' for the subsequent topographical analysis of the ERD at low-and high-frequency alpha and beta rhythms. the Successes condition was characterized by a stronger low-and high-frequency alpha ERD in frontal and central areas (see the difference maps). The low-and high-frequency beta ERD showed smaller differences between the Successes and Failures conditions. These findings indicated the prominent sensorimotor alpha ERD during the successful putts.
The ANOVA for the high-frequency alpha ERD/ERS percentages pointed to a statistically significant interaction (F 4,44 = 4.33; P < 0.005) between the condition (Successes, Failures) and the electrode (Fz, FCz, C3, Cz, C4). Duncan post hoc testing indicated that the high-frequency alpha ERD was higher in amplitude in the Successes than in the Failures condition at the Fz (P = 0.01), Cz (P = 0.05) and C4 (P = 0.004) electrodes, giving statistical support to the prominent sensorimotor alpha ERD during the successful putts (see Fig. 3 ).
The ANOVAs for the low-frequency alpha and for the low-and high-frequency beta ERD/ERS percentages showed no statistically significant differences (P > 0.1), and were not further considered.
Control analyses
As illustrated before, the high-frequency alpha ERD was higher in amplitude in the Successes than in the Failures condition at the Fz, Cz and C4 electrodes (P < 0.05-0.004). A first control analysis was performed to evaluate whether the present statistical results were associated with a difference in the baseline high-frequency alpha absolute power. To this end, the baseline high-frequency alpha absolute power was used as a dependent variable for an ANOVA design which used condition (Successes, Failures) and electrode (Fz, FCz, C3, Cz, C4) as factors, and the number of the Laplacian-transformed EEG trials as a covariate. The results showed no statistically significant effect (P > 0.15). It can be concluded that the above alpha ERD results were not significantly affected by the baseline alpha power.
A second control analysis was performed to compare the latency of the high-frequency alpha ERD peak in the Successes and Failures conditions. To this aim, Laplacian EEG time series were bandpassed (Bartlett function), squared, averaged across 120 ms periods (to 8 samples s −1 ), and averaged across all EEG single trials (Pfurtscheller & Lopes da Silva, 1999) . Figure 4 shows the group grand average waveforms of the high-frequency alpha ERD/ERS percentages for the Successes and Failures conditions at Fz, FCz, Cz, C3 and C4 electrode sites. The latencies of the alpha ERD peaks were similar in the two conditions, whereas the peak amplitude was higher in the Successes than the Failures condition. The latency of the alpha ERD peak in the single subjects was used as a dependent variable for an ANOVA design which used condition (Successes, Failures) as a factor. The ANOVA results showed no statistically significant effect (P > 0.8). It was concluded that the peak latency of the high-frequency alpha ERD was similar during the successful and unsuccessful putts.
If the alpha ERD is related to a good performance, then it should be higher in amplitude in the unsuccessful putts in which the ball is close to the hole. To evaluate this control hypothesis, the high-frequency alpha ERD in the Failures condition was correlated with the error (cm) from the hole (Pearson test, P < 0.05). Results showed that the high-frequency alpha ERD at Fz was positively correlated with the error (r = 0.89, P = 0.0001, n = 12, Fig. 5 top) . The same was true for the high-frequency alpha ERD/ERS percentages at the C4 and Cz electrodes (Cz: r = 0.62, P = 0.03, n = 12; C4: r = 0.62, P = 0.03, n = 12; Fig. 5 central and bottom) . These findings indicate that, in the unsuccessful putts, the stronger the alpha ERD, the lower the error from the hole. 
Discussion
In the present study, we investigated how the sensorimotor alpha and beta rhythms were related to upright balance test, P < 0.05) 
between the high-frequency alpha ERD at Fz, Cz and C4 electrodes and the error from the hole (cm) during the unsuccessful putts
The stronger was the high-frequency alpha ERD, the lower was the error from the hole. The Pearson correlation coefficient is given by:
Xi = error (cm) from the hole for the ith subject Yi = Amplitude of high-frequency alpha ERD for the ith subject and fine arm and hand motor control during the putts of expert golfers. We report that the body sway area is similar in the successful and unsuccessful putts, indicating that visual-vestibular integration on the basis of eyes-open upright balance is not essential for successful performance in the current experimental conditions, characterized by quite fine bimanual motor sequences. We also report that, notably, the 10-12 Hz frequency alpha ERD was greater in amplitude during the successful than the unsuccessful putts over the frontal midline (Fz and Cz electrodes) and arm and hand region of the right primary sensorimotor area (C4 electrode). The stronger the alpha ERD, the lower the error in the unsuccessful putts. These results taken together indicate that high-frequency alpha rhythms over frontal areas are specifically implicated in the fine motor control behind the successful putts. Therefore, they are in agreement with the notion that high-but not low-frequency alpha ERD displays a motorotopic representation over the primary sensorimotor cortex and is associated with active task-specific processes (Arroyo et al. 1993; Toro et al. 1994; Pfurtscheller et al. 1997 Pfurtscheller et al. , 2000 Pfurtscheller & Lopes da Silva, 1999) . In line with its meaning (Klimesch, 1999) , the lack of difference of low-frequency alpha ERD between successful and unsuccessful putts suggests that general arousal, attention and effort did not characterize winning performance. The high-frequency alpha ERD over the right primary sensorimotor cortex was maximum during the successful putts, suggesting that a fine cortical control of the left arm and hand movements is crucial for that winning performance. Of note, these results contribute to the debate on the functional significance and hemispheric distribution of alpha rhythms recorded during sporting performance. An inhibitory increase in alpha power (8) (9) (10) (11) (12) in the left hemisphere before the performance of skilled marksmen (Hatfield et al. 1984) and archers (Salazar et al. 1990; Landers et al. 1994; Shaw, 1996) has already been shown; this would favour visual-spatial processes in the right hemisphere. Furthermore, a correlation has been reported between the reduction in power of right parietal alpha power (ERD) and skilled karate performance (Del Percio et al. 2007b ). In contrast, other studies have pointed to a bilateral increase in alpha power during skilled karate performance (Collins et al. 1990) , and an inhibitory increase in alpha power over the right hemisphere during skilled golf performance (Crews & Landers, 1993) . Bearing in mind these data, the present study shows that baseline alpha power is not crucial either for the hemispherical alpha ERD topography or for successful putts. This finding indicates that relationships between the topography of baseline alpha power and subsequent cognitive-motor processes are quite complex, possibly depending on the specific tasks to be performed. Furthermore, it agrees with previous evidence showing that high baseline power of bilateral alpha rhythms predicts good cognitive performance in both visual stimulus encoding and memory formation (Neubauer & Freudenthaler, 1995; Klimesch, 1999; Babiloni et al. 2006) , but not in successful performance of fine motor acts. It is still a matter of debate whether an enhanced alpha power represents a general pattern of cortical neural inhibition common to all skilled and target sports (Shaw, 1996; Palva & Palva, 2007) . If this is the case, hemispheric differences in preparatory alpha power among sporting gestures might reflect specific inhibitory versus excitatory processes associated with exogenous versus endogenous direction of attention and with verbal versus spatial processes (Wertheim, 1981; Shaw, 1996; Klimesch, 1999) . In this framework, golf putting performance would be characterized by excitatory desynchronization of frontal alpha rhythms during action execution, in line with the traditional model of alpha power modulation (Pfurtscheller & Lopes da Silva, 1999; Palva & Palva, 2007) . On the whole, the present results indicate that high-resolution EEG techniques and analysis of high-frequency alpha rhythms (about 10-12 Hz) represent a powerful approach to mapping the topography of cortical task-specific processes accompanying sporting gestures.
We also report that the successful putts were additionally characterized by high-frequency alpha ERD over the medial prefrontal, cingulate and/or supplementary motor areas. These cortical areas play a pivotal role in the planning, selection and regulation of learned complex sequences performed with both arms and both hands, thanks to their bilateral anatomical connectivity (Rosenbaum et al. 1992 (Rosenbaum et al. , 2001 Wiesendanger & Wise, 1992; Ashe et al. 2006) . The medial prefrontal cortex is bilaterally interconnected to the cingulate and supplementary motor areas (Rouiller et al. 1994) , which have strong bilateral connections to motor effectors (Penfield & Welch, 1949; Brinkman, 1984; Lim et al. 1994; Kazennikov et al. 1998) and to basal ganglia nuclei (Wiesendanger et al. 1996) . The putative specific role of these areas in the control of the successful putts can be derived from the following recent neurophysiological evidence. Medial prefrontal and anterior cingulate areas represent explicit processes (subject's intention, awareness) associated with bilateral motor sequences, having an inhibitory effect on automatic or implicit processes (Destrebecqz & Cleeremans, 2001; Destrebecqz et al. 2005) , whereas cingulate and supplementary motor areas may represent the automatic or implicit processes, subserving temporal and ordinal representation of the motor sequence (Deiber et al. 1991; Ashe et al. 2006) .
In conclusion, the findings of the present study indicate that the modulation of high-frequency alpha rhythms over associative, premotor and non-dominant primary sensorimotor areas may represent the basic physiological mechanism underlying the fine motor control which is the basis of the putts, and appears to be predictive of successful performance. In future research, these frontal alpha rhythms may be trained to produce a strong ERD during the execution of putts. Such training could be performed by alpha ERD neurofeedback (Hanslmayr et al. 2005) during computer simulation of putting performance (i.e. videogame, virtual reality), followed by testing EEG measurements carried out in the present experimental conditions.
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